In many central neurons, excitatory synaptic transmission is mediated by two co-expressed ionotropic glutamate receptor subtypes, AMPA and NMDA receptors, that differ in kinetics, ion-selectivity, and voltagesensitivity. AMPA receptors have fast kinetics and are voltage-insensitive, while NMDA receptors have slower kinetics and exhibit larger conductance at depolarized membrane potentials. Here we report that the voltage-dependency of NMDA receptors intrinsically stabilizes synaptic integration of excitatory postsynaptic potentials (EPSPs) across both spatial and voltage domains. Using computational simulations of synaptic integration in simplified and morphologically realistic dendritic trees, as well as physiological measurements in ex-vivo cortical neurons, we show that NMDA conductances reduce the variability of somatic responses to spatiotemporal patterns of excitatory synaptic input presented at different membrane potentials and/or dendritic domains. The moderating effect of NMDA conductance on synaptic integration was robust across a wide range of AMPA-to-NMDA ratios, and reflects enhanced NMDA current occurring at depolarized membrane potentials that are preferentially attained in distal, high-impedance dendritic compartments. The added NMDA current acts to balance voltage-dependent changes in synaptic driving force and distancedependent attenuation of synaptic potentials arriving at the axon, thereby increasing the fidelity of synaptic integration and EPSP-spike coupling across neuron state (i.e., initial membrane potential) and dendritic location. These results suggest that the intrinsic voltage-sensitivity of NMDA receptors conveys distinct advantages for synaptic integration that are independent of, but fully compatible with, their importance for coincidence-detection and synaptic plasticity.
Introduction
In the vertebrate central nervous system, fast excitatory synaptic transmission is mediated primarily by the amino acid glutamate, which gates ionotropic receptors in postsynaptic neurons. Ionotropic glutamate receptors, which arose in the common ancestor to all metazoans (Ramos-Vicente et al., 2018) , have differentiated into many distinct subtypes, including two that are frequently co-expressed in vertebrate central neurons: αamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors. While both of these receptor subtypes are gated by glutamate and permeable to monovalent cations, NMDA receptors exhibit slower kinetics, a permeability for calcium, and voltage-dependence due to channel blockade by extracellular magnesium ions at hyperpolarized membrane po-tentials (for a recent review, see Iacobucci and Popescu, 2017) . These features of NMDA receptors, which are highly conserved across phyla (Greer et al., 2017) , are critical for their well-established role in gating associative synaptic plasticity, including certain types of long-term potentiation and depression (for review, see Luscher and Malenka, 2012) . NMDA receptors also influence synaptic integration, as the voltage-dependence of NMDA receptors can promote linear (Cash and Yuste, 1998) or supralinear (Schiller et al., 2000) summation of excitatory postsynaptic potentials (EPSPs) that occur in sufficient spatial and temporal proximity to relieve magnesium block of the NMDA channel.
Because the input impedance of dendrites increases with distance from the soma, distal synapses generate larger, more depolarizing local dendritic EPSPs than do proximal synapses (Gulledge et al., 2005) . Yet the ability of an individual AMPA-mediated EPSP to recruit synaptic NMDA conductance is tempered by its rapid kinetics (~0.2 and 2.0 ms activation and decay, respectively), which, when combined with the limited local capacitance of narrow dendrites, generates EPSPs that decay too rapidly to efficiently recruit slower activating (> 2 ms) NMDA conductances (Gulledge et al., 2012; Stern et al., 1992) . Instead, networkdriven patterns of synaptic input interact within the dendritic tree based on their spatiotemporal relationships to recruit NMDA conductances (Cichon and Gan, 2015; Grienberger et al., 2014; Palmer et al., 2014; Polsky et al., 2009) , especially when they occur in high-impedance dendritic branches or spines (Branco and Hausser, 2011; Gulledge et al., 2012; Harnett et al., 2012) and/or when barrages involve repetitive activation of the same synapses, as the extended occupancy of glutamate sites on NMDA receptors (~100 ms) "prime" them for immediate gating during subsequent AMPA-mediated depolarization (Polsky et al., 2004; Schiller et al., 2000) . With sufficient levels of synaptic activation, inward NMDA currents become self-sustaining NMDA "spikes" that amplify and prolong synaptic depolarization to generate supralinear summative events at the soma and axon (for reviews, see Antic et al., 2010; Grienberger et al., 2015; Major et al., 2013) .
Voltage-dependent recruitment of NMDA conductances is recognized as a mechanism to overcome distance-dependent voltage attenuation experienced by distal synaptic inputs. However, prior studies examining the role of NMDA receptors in synaptic integration have typically focused on relatively few synaptic inputs occurring in a restricted dendritic domain. We reasoned that the voltagedependency of NMDA receptors, combined with the distance-dependent electrotonic structure of dendritic trees, should also reduce the variability of somatic depolarization in response to identical spatiotemporal patterns of synaptic input occurring at different dendritic locations and/or at different initial membrane potentials. Here we test this hypothesis by simulating spatiotemporal patterns of synaptic input delivered at different dendritic locations and over a variety of membrane potential states, and by measuring optically evoked distributed EPSPs in neocortical pyramidal neurons before and after blockade of NMDA receptors. Together, our results reveal an intrinsic role for NMDA receptors in stabilizing synaptic integration and EPSP-spike coupling that is independent of, yet fully compatible with, their role in synaptic plasticity.
Results

Effect of synaptic conductance type on individual EPSPs
We first compared the relative efficacy of individual synapses consisting of AMPA, NMDA, or both AMPA and NMDA conductances in depolarizing the soma of a simplified ball-and-stick model neuron with the resting membrane potential (RMP) set to one of seven values (-85 to -55 mV; see Methods). As expected, the amplitude and kinetics of the resulting EPSPs depended on synaptic conductance type, RMP, and the dendritic location of synaptic input (Figure 1A) . Regardless of the type of synaptic conductance, somatic EPSP amplitudes and integrals decremented with synaptic distance from the soma, while amplitudes and integrals at the site of synaptic input, which are shaped by local input impedance and capacitance, became larger at distal dendritic locations ( Figure 1B) . AMPA-only EPSPs were always larger and faster than NMDAonly responses, and reached maximal amplitudes at the most hyperpolarized membrane potentials, where driving force for the conductance was greatest (dark yellow plots in Figure 1B ). On the other hand, due to their voltage-dependence, NMDA-only EPSPs had larger amplitudes and integrals at depolarized membrane potentials (light blue plots in Figure 1B ). EPSPs generated by synapses containing both AMPA and NMDA conductances were only slightly larger in amplitude than AMPA-only responses, but had substantially larger integrals due to slower decay kinetics, especially at depolarized RMPs (light green plots in Figure 1B ). Variability of somatic EPSP amplitudes and integrals (quantified as coefficient of variability, CV) for EP-SPs originating at all dendritic locations and across all RMPs was lowest when both AMPA and NMDA conductances were present at the synapse, regardless of dendritic length (Figure 1C) . These results suggest that co-expression of AMPA and NMDA receptors at individual synapses modestly reduces the influence of dendritic location and membrane potential on somatic EPSP amplitudes and integrals.
Impact of synaptic conductance on synaptic integration
Since the combination of AMPA and NMDA conductances at individual synapses reduced distance-and RMP-dependent variability of somatic EPSPs, we reasoned that they may also interact to increase the fidelity of synaptic integration in response to barrages of synaptic input occurring at different dendritic locations and/or at different RMPs. To test this, we measured the impact of synaptic conductance type on EPSP-spike coupling in the ball-and-stick model neuron by comparing, across dendritic location and RMP, the threshold number of synaptic activations necessary for action potential initiation (Figure 2A) . Ten stochastic spatiotemporal patterns of synaptic input ("synaptic barrages," see Methods) were delivered to progressively more distal 50 µm spans of the dendrite. For simulations involving AMPA-only, NMDA-only, or both synaptic conductances, the number of activated synapses within each barrage was iteratively increased until an action potential was initiated. For each pattern of synaptic input, the threshold number of synapses necessary for action potential generation was determined for inputs occurring at different dendritic locations (10 or 20 µm intervals) and across seven RMPs (-85 to -55 mV). As with single EPSPs, identical barrages of synaptic input generated ever-larger local dendritic depolarization at progressively more distal dendritic locations. While this increase in amplitude with distance was linear when inputs involved AMPA conductances only, incorporation of the NMDA conductance, by itself or in combination with the AMPA conductance, allowed for supralinear distance-dependent increases in response amplitude and width, including long-lasting regenerative NMDA spikes, at distal dendritic locations (Figure 2B) .
For AMPA-only synapses, the mean threshold number of synaptic inputs increased with distance from the soma, or with hyperpolarization of the RMP (Figure 2C , left). This result reflects the distance-dependent voltage attenuation of summated EPSPs, as well as the reduced total synaptic current due to the diminished driving force occurring in narrow, high-impedance dendrites (where local EPSPs are intrinsically larger). On the other hand, when synapses contained only the NMDA conductance, the threshold number of synapses decreased with depolarization of the RMP (due to voltage-dependence of the NMDA conductance), and was fairly uniform across distance in the proximal dendrite before becoming lower at distal locations (Figure 2C , middle). This shape resulted from distance-dependent voltage attenuation of somatic EPSPs combined with the generation of progressively larger synaptic currents at more distal, highimpedance dendritic locations, where NMDA spikes of increasing duration were observed (Figure 2B) . At very distal locations, and especially at depolarized RMPs where voltage-dependent NMDA conductances were near maximal, thresholds increased sharply with additional distance in ways similar to those observed for AMPA-only inputs. This reflects strong distance-dependent voltage attenuation at distal locations, combined with limited ability to further increase synaptic current due to the greatly reduced synaptic driving force during full-blown NMDA spikes that approach the NMDA reversal potential. Remarkably, when synapses contained both AMPA and NMDA conductances, synaptic thresholds for action potential generation were overall lower, less sensitive to changes in RMP, and less variable across distance than were thresholds for AMPA-only or NMDA-only synaptic inputs (Figure 2C , right). Across both dendritic location and RMP, and consistently over ten stochastic input patterns, the CV of action potential thresholds was reduced when synapses contained both AMPA and NMDA conductances, and this effect was amplified in longer dendrites (Figure 2D , right), likely reflecting greater electrotonic diversity across input locations. When total CVs were calculated across all dendritic locations and RMPs, they were consistently lowest when synapses contained both conductances (Figure 2D) . The stabilizing effect of the NMDA conductance on synaptic thresholds across dendritic location and RMP persisted when inputs occurred on non-spiny dendritic shafts (Figure 2D , middle), and was mimicked and amplified by the addition of voltage-gated sodium and potassium conductances (see Table 1 ) to dendrites (Figure 2D , right). Adding these active conductances to dendrites reduced the CV of thresholds for all synaptic conductance types (comparing the right and left panels of Figure 2D ; p < 0.01 for each conductance type and dendritic length; Šidákcorrected paired Student's t-tests), except for AMPA-only inputs in the 400 µm dendrite (p = 0.118). Together, these data demonstrate that, across a range of dendritic lengths, combining synaptic AMPA and NMDA conductances reduces the variability of EPSP-spike coupling relative to inputs having AMPA or NMDA conductance alone.
The voltage-dependence of the NMDA conductance stabilizes EPSP-spike coupling
The NMDA conductance differs from the AMPA conductance in two key ways: it is voltage dependent and has slower kinetics. To test the relative impact of these properties on EPSP-spike coupling, we simulated two modified NMDA conductances: one lacking voltage-dependence, and one retaining voltage-dependence, but having AMPA-like kinetics. We then determined the threshold number of synaptic activations, across dendritic locations and RMPs, to initiate action potentials (Figure 3) . Removing the voltage-dependence of the NMDA conductance (while also reducing its maximum conductance to 50 pS) led to threshold curves that qualitatively mirrored those of AMPA-only conductances, in that thresholds increased with distance from the soma and/or with hyperpolarization of the RMP (Figure 3A) . On the other hand, endowing the voltage-dependent NMDA conductance (1 nS) with AMPA-like kinetics led to higher absolute thresholds that mimicked the normal NMDA conductance in maintaining fairly uniform threshold numbers of synapses across most dendritic locations ( Figure 3A) . These findings demonstrate that the voltage-dependence of the NMDA conductance, rather than its slower kinetics, allows for stabilization of EPSP-spike coupling.
Synaptic integration in morphologically realistic neurons
The simulations above reveal that, in simplified neuron morphologies, the presence of both AMPA and NMDA conductances at synapses reduce location-and RMP-dependent variability of somatic responses to spatially restricted barrages of synaptic input. To determine the impact of synaptic conductance type on synaptic integration in realistic neuronal morphologies, we placed spinous synapses at 1 µm intervals across the dendritic trees of two reconstructed neurons: a relatively large CA3 pyramidal neuron (Figure 4A) , and a smaller dentate granule neuron ( Figure 4D) . Because of the large size of these neurons, it was not possible to drive action potential generation with barrages of spatially restricted (50 µm) synaptic input, as clamping distal 50 µm dendritic spans to 0 mV failed to depolarize the axon initial segment (AIS) to action potential threshold. Instead, we set arbitrary thresholds of somatic depolarization and iteratively activated expanding stochastic patterns of synaptic input at different dendritic locations. In the CA3 neuron (Figure 4B) , somatic threshold was set to 2 mV above RMP (RMP set to -80, -70, or -60 mV) and synaptic barrages were delivered to 50 µm spans along the apical dendritic branches indicated in red in Figure 4A (at 20 µm increments). When synapses contained only the AMPA conductance, the threshold number of synapses to generate a 2 mV somatic depolarization increased with distance from the soma, or with depolarization of the RMP, as voltage attenuation and reduced driving force impaired synaptic depolarization of the soma (Figure 4B , yellow plots in top panels). In contrast, when synapses contained only the NMDA conductance, the threshold number of synapses to depolarize the soma by 2 mV decreased with distance from the soma and/or with depolarization of the RMP, as distance-dependent increases in local input impedance, and/or depolarization of the RMP, enhanced the voltage-dependent conductance (Figure 4B , blue plots in top panels). However, combining both AMPA and NMDA conductances generated threshold numbers of synapses that were lower and relatively uniform across dendritic location and RMP ( Figure 4B , green plots in top panels), as reflected in lower cumulative CVs for thresholds calculated across all RMPs for increasingly distant dendritic locations (green plot in Figure 4C , top). At very distal locations, where thresholds rose steeply for all synaptic conductances, the CV of AMPA-plus-NMDA inputs was disproportionally affected due to the much smaller thresholds in the more proximal dendritic tree, leading to overall mean cumulative CVs that were lowest for NMDA-only conductances (0.97 ± 0.05) and higher for AMPA-only (4.06 ± 0.12) and combined (1.73 ± 0.19) conductances (n = 10 stochastic patterns of synaptic input; p < 0.001, repeated-measures ANOVA and Šidák-corrected post-tests). Overall, mean CVs for synaptic thresholds, calculated across all RMPs and dendritic locations, were 2.64 ± 0.48, 0.68 ± 0.01, and 0.20 ± 0.01, respectively, for AMPA-only, NMDA-only, and AMPA-plus-NMDA conductances (p < 0.001). These results further demonstrate that the combined synaptic presence of AMPA and NMDA conductances reduces distance-and RMP-dependent variability of synaptic integration, as measured at the soma.
When we instead determined the threshold number of synapses necessary to depolarize the local dendritic compartment to -30 mV (arbitrarily chosen as approximating calcium-spike threshold; Golding and Spruston, 1998) , threshold numbers of synapses decreased with distance from the soma and with depolarization of the RMP for all synapse types (Figure 4B , bottom), and combining AMPA and NMDA conductances had a more modest impact on lowering CVs for thresholds across dendritic location and RMPs (Figure 4C, bottom) . For all dendritic locations and RMPs, mean CVs per input pattern were 1.35 ± 0.03, 1.07 ± 0.01, and 1.00 ± 0.02, for AMPA-only, NMDA-only, and both con-ductances, respectively (p < 0.001, repeated-measures ANOVA and Šidák-corrected post-tests).
Similar results were observed in the smaller dentate granule neuron (Figure 4D) , where threshold numbers of synapses for 5 mV somatic depolarizations were determined for 50 µm dendritic segments (at 20 µm increments) across the entire dendritic tree. As observed in the CA3 neuron, the threshold number of AMPA-mediated synaptic inputs increased with distance from the soma, or with depolarization of the RMP (Figure 4E , yellow plots in top panel), due to distance-dependent voltage attenuation and reduced synaptic driving force, respectively. Conversely, for NMDA-mediated inputs, synaptic thresholds decreased with distance from the soma, or with depolarization of the RMP (Figure 4E , blue plots in top panels). The combined presence of synaptic AMPA and NMDA conductances minimized the impact of dendritic location and/or RMP on threshold numbers of synaptic inputs ( Figure 4E , green plots in top panels), and greatly reduced the cumulative CVs of thresholds calculated across RMPs for increasingly distant dendritic locations (Figure 4F, top) . Mean CVs for spatiotemporal input patterns, calculated across all dendritic locations and RMPs, were 0.21 ± 0.03, 0.43 ± 0.01, and 0.07 ± 0.02, for AMPA-only, NMDA-only, and AMPA and NMDA conductances, respectively (p < 0.001, repeated-measures ANO-VA and Šidák-corrected post-tests). However, as was true in the CA3 pyramidal neuron, when measuring thresholds for local dendritic depolarization to -30 mV, there was less impact of combining synaptic conductances (Figure 4E ,F, bottom panels). For dendritic thresholds, mean CV across dendritic location and RMP was lowest for AMPAonly inputs (0.31 ± 0.02), relative to NMDA-only (0.54 ± 0.02) or both conductances (0.39 ± 0.01; n = 10 stochastic patterns of synaptic input; p < 0.001, repeated-measures ANOVA with Šidák-corrected post-tests), confirming that the stabilizing effect of combining AMPA and NMDA conductances is most robust when considering orthodromic signal transmission from small, high-impedance dendritic compartments toward the larger soma and its associated axon.
Integration of distributed synaptic input
We next tested the impact of conductance type on the integration of distributed synaptic input (Figure 5) . In simulations in ball-and-stick model neurons, we randomly distributed along dendrites sets of five excitatory inputs containing AMPA, NMDA, or both synaptic conductances ( Figure  5A) . Somatic EPSPs were recorded in response to simultaneous coactivation of all five synaptic inputs (n = 20 sets of inputs), repeated across seven RMPs (-85 to -55 mV; Figure 5B ). As expected, NMDA-only synapses generated the smallest EPSP amplitudes (mean response across all RMPs was 1.4 ± 0.5 mV in the 200 µm dendrite), with AMPA-only and AMPA-plus-NMDA synapses generating comparably larger EPSPs, at 8.6 ± 1.1 and 9.2 ± 0.9 mV, respectively, in the 200 µm dendrite (Figure 5C, left) . Similar effects of synaptic conductance on EPSP amplitude were observed in dendrites of all tested lengths. On the other hand, mean EPSP integrals were similar for NMDA-only and AMPA-only inputs (149 ± 49 and 155 ± 43 mV•ms, respectively, in the 200 µm dendrite), but consistently larger (at 318 ± 12 mV•ms) when both AMPA and NMDA conductances were present (Figure 5C, right) , with similar relationships between synaptic conductance and EPSP integrals existing for all dendritic lengths. However, as can be seen in Figures 5B and C, the range of somatic EPSP amplitudes and integrals across RMPs depended on the type(s) of glutamate conductance at synapses, and the CVs of EPSP amplitudes and integrals, as measured across RMPs for each pattern of synaptic input, were always lowest when both AMPA and NMDA conductances were present (p < 0.001 for each case; repeated-measures ANOVA with Šidák-corrected post-tests; see
To test whether NMDA conductances might similarly reduce the variability of EPSP amplitudes and/ or integrals in real neurons, we optogenetically activated monosynaptic corticocortical afferents in slices of mouse prefrontal cortex bathed in 1 µM tetrodotoxin (TTX) and 100 µM D-2-Amino-4-phosphonobutyric acid (4-AP) and recorded EPSPs in layer 2/3 pyramidal neurons before and after bath application of the NMDA receptor blocker APV (50 µM; Figure 6 ). In baseline conditions, when both AMPA and NMDA receptors were available, mean EPSP amplitudes were 11.4 ± 5.7 mV at -80 mV (n = 14). Depolarizing the membrane potential generated modest reductions in EPSP amplitude, to 11.1 ± 4.9 mV at -70 mV, and 9.5 ± 4.0 mV at -60 mV (p = 0.006, repeated measures ANOVA). In contrast, EPSP integrals increased with membrane depolarization, being 650 ± 525 mV•ms at -80 mV, 813 ± 704 mV•ms at -70 mV, and 831 ± 588 mV•ms at -60 mV (p = 0.018). Bath application of APV reduced mean EPSP amplitudes and integrals across the board (Figure 6C) , but enhanced the impact of membrane potential on EPSP amplitudes. In APV, EPSP amplitudes were 10.1 ± 5.5 mV at -80 mV, 8.4 ± 4.4 mV at -70 mV, and 7.4 ± 3.7 mV at -60 mV (p < 0.001; repeated measures ANOVA), while integrals were 496 ± 436 mV•ms, 516 ± 511 mV•ms, and 533 ± 500 mV•ms, respectively, at -80, -70, and -60 mV (p = 0.676). Across all membrane potentials, the mean CVs for EPSP amplitude increased following blockade of NMDA receptors (by 28 ± 27%, from 0.18 ± 0.05 in baseline conditions to 0.23 ± 0.05 in APV; n = 14; p < 0.001; Figure  6D ). The effect of APV could not be attributed to time-dependent changes in synaptic transmission, as no increase in mean CV was observed for amplitudes in control neurons given a "sham" application of non-drugged artificial cerebral spinal fluid (aCSF; mean change of 0 ± 24%, from 0.19 ± 0.07 to 0.18 ± 0.05; n = 9; p = 0.448; Figure 6D ). On the other hand, blockade of NMDA receptors with APV did not significantly increase the CV of integrals when calculated across all three holding potentials (mean change of 17 ± 30% change, from 0.30 ± 0.10 in baseline conditions to 0.34 ± 0.11 in APV; p = 0.180; Figure 6D) . This result was similar to results in neurons given a sham treatment (integral CVs were 0.35 ± 0.14 in baseline conditions and 0.34 ± 0.09 after sham treatment (p = 0.826; Figure 6D) .
However, when we compared CVs of amplitudes and integrals for EPSPs evoked within individual initial membrane potentials (-80, -70, or -60 mV), we found that application of APV increased the variability of both amplitudes and integrals of EP-SPs generated at -80 or -70 mV, but not at -60 mV (Figure 6E, upper plots) . As observed in the baseline traces at -60 mV in Figure 6C , the enhanced baseline variability of EPSPs observed at -60 mV likely reflects stochastic NMDA spike initiation within dendritic branches during large EPSPs occurring at -60 mV in the presence of TTX. Conversely, in sham experiments, CVs for amplitudes and integrals remained unchanged across all initial membrane potentials, (Figure 6E , lower plots). When calculated for EPSPs occurring across the range of -80 to -70 mV (i.e., the two more hyperpolarized membrane potentials), CVs for amplitudes rose from 0.15 ± 0.05 to 0.20 ± 0.05 (n = 14; p < 0.001) while CVs for integrals rose from 0.25 ± 0.09 to 0.31 ± 0.09 (p = 0.055). No such changes were apparent in control experiments (n = 9), where baseline CVs for amplitudes (0.18 ± 0.09) and integrals (0.33 ± 0.17) of EPSPs generated -80 and -70 mV were similar to those observed after sham treatment (mean CVs of 0.16 ± 0.05 [p = 0.351] and 0.27 ± 0.08 [p = 0.318], respectively, for EPSP amplitudes and integrals in sham conditions). Together, these physiological results demonstrate that NMDA receptors contribute to the fidelity of spatially distributed EPSP amplitudes and integrals, especially at subthreshold membrane potentials.
To further test the impact of NMDA conductance on EPSP-spike coupling, we simulated synaptic barrages in a reconstructed layer 5 pyramidal neuron (Stuart and Spruston, 1998) fitted with spinous synaptic input at 10 µm intervals across the entire dendritic tree (Figure 7) . For each of twenty trials, 1200 spines were randomly selected for synaptic input, and their timings of activation within a 360 ms window selected according to a uniform distribution. Each of the twenty synaptic barrages was repeated across 32 RMPs by setting the reversal potential for the passive conductance to values between -59 and -90 mV (actual somatic RMPs varied between -62 and -75 due to the presence of voltage-gated conductances throughout the neuron). When synapses contained both AMPA (500 pS) and NMDA (1 nS) conductances, synaptic barrages generated action potentials in at least some trials, across all RMPs, from a minimum of 0.5 ± 1.1 action potentials per trial (in four of twenty trials that were suprathreshold) at the most hyperpolarized RMP, to a maximum of 17.3 ± 1.6 action potentials per trial (all trials suprathreshold) at the most depolarized RMPs (Figure 7A, B) . Similar results were observed when synapses contained only the NMDA conductance (enhanced to 1.2 nS; see Methods), with mean output varying from 0.5 ± 1.0 action potentials (five trials being suprathreshold) at the most hyperpolarized RMP, to 17 ± 1.3 action potentials (all trials suprathreshold) at the most depolarized RMP (Figure 7A, B) . However, when synapses contained only AMPAlike conductances, action potential output was more variable across both trials and RMP. Since fast AMPA conductances, even at 2.5 nS maximal conductance, failed to generate significant action potential output (mean of only 3.9 ± 1.3 action potentials per trial, across all RMPs; data not shown), we incorporated a 1.55 nS AMPA conductance, of which 50 pS had slow, NMDA-like kinetics (but no voltage-dependence). In this case, mean output across trials moved from 0.2 ± 0.5 action potentials per trial (with only two of twenty trials being suprathreshold) at the most hyperpolarized RMP, to 21.0 ± 10.3 action potentials per trial (with two of twenty trials failing to reach threshold) at the most depolarized RMP (Figure 7A, B) . Similarly, when the entire AMPA conductance was given slow, NMDA-like kinetics paired with smaller maximum conductance (175 pS), all trials were subthreshold across the twelve most hyperpolarized RMPs, but increased to 17.6 ± 19.9 action potentials at the most depolarized RMP, where output oscillated between zero action potentials (across eleven trials) and 38 or 40 action potentials (in the other nine trials; Figure 7A, B) . Thus, the combined presence of synaptic AMPA and NMDA conductances stabilized EPSP-spike coupling across patterns of synaptic input (trials) and RMP.
Impact of AMPA-to-NMDA conductance ratios on synaptic integration
The results above reveal that the intrinsic voltage-dependence of the NMDA conductance can increase the fidelity of synaptic integration, as measured at the soma and axon, across dendritic locations and RMPs. However, while the number of synaptic NMDA receptors synapse is thought to be relatively uniform across most synapses (on the order of 10 receptors per synapse; Nimchinsky et al., 2004; Noguchi et al., 2005; Racca et al., 2000) , synaptic AMPA conductances can range from zero (i.e., in "silent" synapses) to >1.5 nS (Beaulieu-Laroche and Harnett, 2018) , and are dynamic in response to synaptic plasticity (for review, see Herring and Nicoll, 2016) . Thus, the ratio of AMPA-to-NMDA conductance at synapses is variable. To determine the impact of AMPA-to-NMDA ratio on the fidelity of synaptic integration, we varied the maximal AMPA conductance from 0.1 to 1.5 nS while keeping the maximal NMDA conductance steady at 1 nS, and measured the number of synaptic activations necessary to generate an action potential in ball-and-stick neurons of various lengths (Figure  8) . Regardless of AMPA conductance magnitude, the threshold number of synaptic inputs for action potential initiation increased sharply with distance from the soma for AMPA-only inputs, while thresholds for inputs containing both AMPA and NMDA conductances were relatively independent of distance (Figure 8B) . In long dendrites (> 400 µm) the mean CV for the threshold number of inputs was lowest when both conductances were present, regardless of AMPA-to-NMDA ratio (Figure 8D) . In ball-and-stick model neurons with short dendrites, and especially when AMPA conductances were small, adding an NMDA conductance did not significantly reduce threshold CVs, as the NMDA conductance became the dominant driver of somatic depolarization, and CVs converged with those of NMDA-only inputs. This is likely due to the tight electrotonic structure of small model neurons, as adding additional dendrites to the soma and/or to the main dendritic branch preserved the stabilization of EPSP inputs even in short (~200 µm) dendrites (not shown; compare also results from the small-but-branched dentate granule neuron in Figure 4) . Thus, across a wide range of physiologically relevant AMPA-to-NMDA ratios, voltage-dependence of the NMDA conductance intrinsically enhances the fidelity of synaptic integration across dendritic location and RMP.
Discussion
Synaptic integration, the process by which patterns of synaptic input are transduced into action potential initiation (also known as "EPSP-spike coupling"), is the core of neural computation. We tested the impact of two prominent and often coexpressed glutamate receptor subtypes, AMPA and NMDA receptors, on the fidelity of synaptic integration across dendritic location and neuronal state (i.e., initial membrane potential). Our results demonstrate that the voltage-dependence of the NMDA conductance acts as a counterbalance of distance-dependent signal attenuation and reduced synaptic driving forces occurring at depolarized membrane potentials, and can effectively increase the fidelity of EPSP-spike coupling at the axon. This consequence of synaptic NMDA receptors occurs over a broad range of AMPA-to-NMDA conductance ratios, and is independent of, but fully compatible with, its well characterized role in gating synaptic plasticity.
Interaction of electrotonic structure and synaptic conductance
EPSPs are shaped by the electrotonic structure of the dendritic tree; in narrow distal dendrites, small surface areas limit local membrane conductance and capacitance, yielding greater input impedance and larger and faster local EPSPs in response to synaptic currents (Gulledge et al., 2005) . This leads to reduced synaptic current in distal dendrites, as greater local depolarization during the EPSP reduces the driving force for the underlying synaptic conductance. At the same time, dendrites act as low-pass filters for EPSPs spreading from the site of synaptic input toward the soma. Thus, the somatic efficacy of synaptic input diminishes with distance from the soma, leading to higher threshold numbers of synaptic inputs to reach action potential threshold (see Figures 1-3 and 8) .
Our results demonstrate that NMDA receptors, via their voltage-dependence, reduce location-dependent variability in synaptic efficacy by boosting synaptic currents preferentially in high-impedance dendritic compartments (Branco and Hausser, 2011; Gulledge et al., 2012) and/or when neurons are in depolarized states , conditions in which synaptic driving forces are diminished. NMDA-dependent stabilization of synaptic integration was robust across neuron morphologies and over a wide range of AMPA-to-NMDA conductance ratios, and was enhanced by active properties in dendrites (see Figure 2C ) that contribute to voltage-dependent amplification of inward current following synaptic activation Lipowsky et al., 1996; .
In both simulated and live neurons, the combined availability of NMDA and AMPA conductances reduced variability of EPSP amplitudes and integrals for simultaneously activated, but spatially distributed, synaptic input. As evident in Figure 5C , changes in membrane potential have opposing effects on AMPA-only and NMDA-only somatic EPSP amplitudes and integrals, while combining both conductances stabilizes responses across pattern of synaptic input and RMP. In our whole-cell recordings of neocortical neurons, blockade of NMDA receptors increased the variability of somatic EPSP amplitudes and integrals when EPSPs were generated from fairly hyperpolarized membrane potentials (-80 to -70 mV) . At our most depolarized potential (-60 mV), EPSPs were already quite variable in baseline conditions (see Figure  6C) , likely reflecting stochastic initiation of NMDA spikes in highly depolarized dendritic compartments. In addition, non-synaptic voltage-activated conductances in dendrites make input impedance voltage-dependent (Day et al., 2005; Surges et al., 2004) . Thus, while reduced driving forces at depolarized membrane potentials tends to generate smaller AMPA-only EPSP amplitudes and integrals in simulated passive neurons (see Figure 5B) , the presence of active conductances in real neurons may increase input impedance at depolarized membrane potentials, complicating predictions of how voltage will impact EPSP amplitudes and integrals in living neurons. Still, in spite of this biological variability, blockade of NMDA receptors in vitro increased the CVs of optogenetically evoked EPSP amplitudes and integrals, supporting a role for NMDA receptors in stabilizing synaptic integration across a range of subthreshold membrane potential states.
Impact of NMDA conductance on synaptic integration and network performance
Neurons employ a variety of mechanisms to combat location-dependent variability in synaptic efficacy. In the apical dendrites of CA1 pyramidal neurons, synaptic conductance is scaled in proportion to distance from the soma to minimize locationdependent variability of axonal drive (Magee and Cook, 2000; Nicholson et al., 2006; Shipman et al., 2013) . Alternatively, dendrites may express dendritic voltage-gated sodium and calcium conductances that, with sufficient local depolarization, can generate dendritic action potentials that amplify somatic EPSPs (e.g., Golding et al., 1999; Golding and Spruston, 1998; Milojkovic et al., 2005; Schiller et al., 1997) . Similarly, synaptic NMDA receptors, when activated in sufficient numbers, generate selfsustaining plateau potentials ("NMDA spikes") that lead to supralinear synaptic summation and larger somatic EPSPs Branco and Hausser, 2011; Harnett et al., 2012; Larkum et al., 2009; Major et al., 2008; Nevian et al., 2007; Polsky et al., 2004; Schiller et al., 2000; Wei et al., 2001) . These voltage-dependent synaptic and dendritic mechanisms act preferentially in distal dendritic compartments, where input impedance is highest, and facilitate synaptic depolarization of the soma/axon in spite of distance-dependent voltageattenuation within the dendritic arbor. However, unlike action potentials, NMDA spikes are not all-ornone. Instead, they vary in amplitude and duration in proportion to the number of activated synapses, the local input impedance at the synapse, and the initial membrane potential Branco and Hausser, 2011; Farinella et al., 2014; Gulledge et al., 2012; Major et al., 2008 ; see also Figure 2B ). Thus, although highly nonlinear across voltage, NMDA spikes are effectively "graded" in amplitude and duration across dendritic locations (see Figure 2B) , allowing the NMDA conductance to enhance synaptic current in proportion to electrotonic distance from the soma and axon.
Over the past two decades, there has been growing appreciation that, in addition to gating many forms of synaptic plasticity, NMDA receptors play an integral role in normal synaptic integration (for reviews, see Antic et al., 2010; Hausser and Mel, 2003; Major et al., 2013) . In the distal tufts of layer 5 neurons, where high input impedance favors amplification of local EPSPs, NMDA activation boosts synaptic currents such that they can more reliably trigger calcium spikes at an electrically excitable zone at the base of the dendritic tuft (Larkum et al., 2009) . Indeed, simulations by Larkum et al. (2009) found the threshold number of synapses necessary for initiating an apical trunk calcium spike to be relatively consistent across tuft locations when NMDA conductances were present, but that thresholds for AMPA-only inputs grew exponentially, and to non-physiological synaptic densities, with distance from the initiation zone at the apical trunk. Thus, the impact of NMDA receptors on the fidelity of EPSP-spike coupling may not be limited to axonal action potentials, but likely applies more generally for spike initiation at any specialized trigger zone, as long as it is electrotonically downstream (e.g., in a larger compartment) from the site of synaptic input.
The contribution of NMDA receptors to normal synaptic integration can be inferred from the cognitive impairments produced by acute NMDA receptor blockade in animals and humans. For instance, sub-anesthetic doses of ketamine, a prototypical NMDA receptor antagonist, impairs executive function, including working memory, in primates (Blackman et al., 2013; Condy et al., 2005; Skoblenick and Everling, 2014; Stoet and Snyder, 2006; Taffe et al., 2002) and humans (Adler et al., 1998; Hetem et al., 2000; Krystal et al., 1994) . Because the cognitive processes underlying executive function are rapid (on the order of seconds) and typically transient, they cannot be ascribed to deficits in NMDA-dependent long-term synaptic plasticity. On the other hand, acute ketamine increases the variability of ongoing cortical activity at both the cellular and network levels in nonhuman primates (Ma et al., 2015) , and produces rapid changes in neocortical electrical oscillations in humans (de la Salle et al., 2016; Muthukumaraswamy et al., 2015) . We propose that these acute effects of NMDA receptor blockade on cortical physiology and downstream behaviors may result from reduced fidelity of synaptic integration, particularly in neurons with large, electrotonically diverse dendritic trees.
Conclusions
Transduction of synaptic events into patterns of action potential output is the most fundamental neuronal task. It is a process influenced by the strength and kinetics of individual synaptic conductances, the spatiotemporal relationships among them, and the electrotonic properties of the neuron. Nonlinear amplification of synaptic input via NMDA spikes is proposed to increase the "computational power" of neurons (e.g., Branco and Hausser, 2011; Poirazi et al., 2003; Wei et al., 2001) . Our results demonstrate that NMDA receptors, via their intrinsic voltage dependence, also provide the advantage of "computational stability" by enhancing the fidelity of EPSP-spike coupling across dendritic domains and membrane potential states. This previously unappreciated consequence of NMDA receptor expression may have contributed advantages to primitive nervous systems (e.g., in cnidaria; Anctil, 2009; Pierobon, 2012) , independent of their role to associative synaptic plasticity, which may explain their ancient evolutionary origin in the common ancestor of metazoans (Ramos-Vicente et al., 2018) .
Methods
Computational models
Simulations were made using NEURON 7.5 software (Carnevale and Hines, 2006 ; RRID: SCR_005393) and the Neuroscience Gateway portal (Sivagnanam et al., 2013) . Morphologies included "ball-and-stick" model neurons, consisting of somata connected to spinous dendrites of variable length and axons, a hippocampal CA3 pyramidal neuron (Hemond et al., 2009 ), a hippocampal dentate granule neuron (Schmidt-Hieber et al., 2007) , and a layer 5 pyramidal neuron (Stuart and Spruston, 1998) . Table 1 lists the dimensions and membrane parameters for all neuron morphologies. Active mechanisms consisted of primarily of fast-inactivating voltage-gated sodium and delayed-rectifier potassium conductances (source codes available in ModelDB, entry 144385). In some simulations a hyperpolarization-and cyclic-nucleotide-gated (HCN) cationic conductance was inserted into dendrites (source code available in ModelDB, entry 124043). Spines with neck resistances of 500 MΩ (Harnett et al., 2012) were positioned at 1 µm intervals along dendrites. Axons in all models were 2000 µm long, had diameters of 0.5 µm, and were attached to the soma via a 40 µm axon initial segment (AIS) that tapered from 2.0 µm (at the soma) to 0.5 µm (at the axon). Except for the AIS, voltagegated conductances were evenly distributed in axons (i.e., axons were unmyelinated; see Table 1 for sodium and potassium channel densities in each neuronal compartment). In the ball-and-stick neu-ron, somata (20 x 10 µm) were attached to a single tapering (5 µm to 1 µm) dendrite of variable length (0.2 to 1 mm). In all simulations, models were initiated following a 1 s passive run to allow active conductances to reach a steady-state. Unless otherwise stated, simulations were generally run with time steps of 25 µs, and at a nominal temperature of 37°C.
Simulated synaptic inputs
In most simulations, synaptic conductances were located on spine heads. AMPA conductances had exponential rise and decay time constants of 0.2 ms and 2 ms, respectively, a reversal potential of 0 mV, and, unless otherwise noted, a maximum conductance of 500 pS. NMDA inputs typically had a maximum conductance of 1 nS, a reversal potential of +5 mV, and exponential rise and decay time constants of 3 ms and 90 ms, respectively (Gulledge et al., 2012) . In simulations measuring EPSP-spike coupling in the layer 5 pyramidal neuron, and when AMPA conductance was excluded, the maximal synaptic NMDA conductance was increased to 1.2 nS to allow for a level of action potential genesis at depolarized RMPs similar to that observed in simulations using both AMPA and NMDA conductances. Single synaptic events were monitored at the soma and at the dendritic site of synaptic input. For barrages of synaptic events, dendritic voltage responses were measured at the mid-point of the dendritic span receiving synaptic input. During spike threshold tests, action potentials were identified in the midpoint of the axon. During non-spike threshold tests, threshold was determined as somatic events reaching 2 mV (for the CA3 neuron) or 5 mV (for the dentate granule cell) above the somatic RMP, or dendritic events reaching a threshold of -30 mV locally at the site of synaptic input (all models). Synaptic barrages of n synaptic activations, delivered to discrete dendritic compartments, were defined by sampling two random variables n times for a set of n pairs. The first random variable in the pair determined the site of the n th synaptic input and was chosen from a uniform distribution spanning integers 0 to 49 (for a 50 µm range), which was then applied to the dendritic segment of interest (i.e., from 620-669 µm from the soma). The second random variable, which determined synaptic timing, was chosen from a Gaussian distribution (width of 50 ms). Each pattern maintained a single ordered set of sampled pairs. The size of the set varied depending on the number n, but the content and order of the pairs did not change for a given pattern. For instance, within one pattern, barrages with n and n+1 synaptic activations were identical except for the n+1 th activation. These spatiotemporal patterns of synaptic input were moved along dendrites at 10 or 20 µm intervals to compare the effect of input location on synaptic responses. Ten different spatiotemporal patterns of synaptic input were generated and applied individually across all dendritic locations to allow statistical determination of the stability of EPSP-spike coupling over input pattern, dendritic location, and RMP. Nominal RMPs were set by uniformly adjusting the reversal potential for the passive leak conductance in all model compartments.
Coefficients of variation (CVs) were typically calculated across all dendritic locations and/or across all RMPs. In long dendrites, inputs to distal dendritic locations became so remote that threshold numbers of synaptic inputs rose exponentially, as at very distal distances even voltage-clamping a 50 µm dendritic segment to 0 mV would fail to generate action potentials in the axon. Thus, as indicated in our figures, we considered the "relevant" dendritic length to be those dendritic locations proximal to the first local minimum threshold occurring after the first local maximal threshold for simulations having both AMPA and NMDA conductances. This relevant dendritic length was also applied to the analysis of AMPA-only and NMDA-only simulations. In the large CA3 neuron, at very distal locations (7.18% of all trials) thresholds for AMPAonly inputs exceeded 10,000 (our maximum tested threshold), and therefore CVs were calculated for each of the three conductance types (AMPA-only, NMDA-only, and both AMPA and NMDA) using only the trials in which AMPA thresholds were < 10,000 (i.e., the remaining 92.82% of trials).
Physiological recordings
All physiological experiments were approved by the Institutional Animal Care and Use Committee of Dartmouth College. Female and male adult (6-to 10-week-old) C57BL/6J wild-type mice, originally sourced from The Jackson Laboratory (Bar Harbor, ME, USA, stock number 000664; RRID: IMSR_-JAX:000664), were bred in facilities accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. Mice were maintained on a 12h-12h light-dark cycle with continuous free access to food and water.
To selectively express channelrhodopsin-2 (ChR2) in callosal afferents, we injected 600 nL of C h R 2 -c a r r y i n g A AV v i r u s ( A AV 9 . C A G . hChR2(H134R)-mCherry.WPRE.SV40, diluted 1:10; Addgene #20938; RRID: Addgene_100054) unilaterally in the medial prefrontal cortex (mPFC) of mice anesthetized with vaporized isoflurane (2%). Injection site coordinates were, relative to bregma, 2.10 mm rostral, 0.48 mm lateral, and 1.60 mm ventral to the brain surface. After injection, the microsyringe was held in place for ~5 min before being slowly withdrawn. Animals recovered for at least 2 weeks before use in electrophysiological experiments. Location of virus injections were confirmed post-hoc in coronal slices of the mPFC.
Prior to electrophysiological experiments, animals were anesthetized with vaporized isoflurane, decapitated, and brains rapidly removed into aCSF composed of the following (in mM): 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 6 MgCl2 and 25 glucose (saturated with 95% O2-5% CO2). Coronal brain slices (250 µm thick) of the mPFC were cut using a Leica VT 1200 slicer and stored in a holding chamber filled with aCSF containing 2 mM CaCl2 and 1mM MgCl2. Slices were maintained in the holding chamber for 45 minutes at 35°C, and then at room temperature (~25°C) until use in experiments.
Slices were transferred to a recording chamber continuously perfused (~7 ml/min) with oxygenated aCSF heated to 35-36°C. To isolate monosynaptic input, aCSF contained 1 µM TTX; Cayman Chemical) and 100 µM 4-AP (Tocris). L2/3 pyramidal neurons were visually targeted using a 60X water-immersion objective. Patch pipettes (5-7 M︎ ︎ Ω) were filled with a solution containing the following (in mM): 135 potassium gluconate, 2 NaCl, 2 MgCl2, 10 HEPES, 3 Na2ATP and 0.3 Na2GTP, pH 7.2 with KOH. Data were acquired using a BVC-700 amplifier (Dagan Corporation) connected to an ITC-18 digitizer (HEKA) driven by AxoGraph software (Ax-oGraph Scientific; RRID: SCR_014284). Membrane potentials were sampled at 25 kHz and filtered at 5 kHz. No correction was made for the liquid junction potential. Synaptic activation was triggered with flashes (470 nm; 5 ms) from an LED connected to the microscope epifluorescence port. LED power was adjusted to generate somatic EP-SPs of ~10 mV from a resting membrane potential of -70 mV. Fifteen flash-evoked EPSPs (15 s intertrial intervals) were acquired at each of three membrane potentials (-80, -70, and -60 mV) set by somatic current injection. APV (50 µM; Cayman Chemical), or aCSF (sham), was then bath applied for 5 minutes, and light-evoked EPSPs recorded again at the same three holding potentials.
Statistical analyses
Results are reported are means ± standard deviations. Statistical comparison of experimental results from simulations with AMPA-only, NMDA-only, or AMPA-plus-NMDA conductances used one-way repeated-measures ANOVA with post-hoc Šidákcorrected paired Student's t-tests. Comparisons of results within and between groups used either the Student's T-test (two-tailed, paired or unpaired) or one-way ordinary or repeated measures ANOVA with Šidák multiple comparisons post-tests, as appropriate, using Wizard 1.9 (RRID: SCR_016939).
